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SI Materials and Methods 1!
Construction of mutant strains.  Gene deletions (1, 2) and antibiotic cassette 2!

removals (3) were performed by P1 vir phage transduction using Keio mutants, as 3!

previously described 22.  BN1 was generated by deletion of pagP from BN0, an lpxT 4!

and eptA double mutant (1, 4).  Deletion of all three genes resulted in a strain producing 5!

>95% of the prototypical, hexa-acylated bis-phosphorylated lipid A species (SI Appendix 6!

Fig. S2).  To double the potential lipid A profiles that one set of enzymes could yield, 7!

BN2 was generated by removal of the KanR cassette and deletion of lpxM from BN1.  8!

Strains were confirmed by PCR, 32P radiolabeling, and MS (SI Appendix Table S2, Fig. 9!

S2) (5).  10!

Plasmid construction and growth conditions.  Six genes, lpxE, lpxF, lpxO, lpxR, 11!

pagL, and pagP, were cloned into pQLinkN (for primers see SI Appendix Table S2), as 12!

previously described (6).  Transformation of BN1 and BN2 with the plasmids yielded the 13!

61 strains in Fig. 2c.  All strains were grown at 37°C in Luria-Bertani Broth  14!

supplemented with 100 µg/ml ampicillin where appropriate and 50 µM to 1 mM IPTG 15!

with an optimized isopropyl β-D-1-thiogalactopyranoside (IPTG) concentration between 16!

50 µM and 1 mM, as determined by TLC analysis of enzyme activity.   17!

Isolation of lipid A.  32P radiolabeled lipid A was isolated from 7 ml cultures for analysis 18!

by TLC as previously described (5).  Densitometry was calculated using Quantity One 19!

software. For MS, lipid A was prepared from 15 ml cultures (7) and analyzed using a 20!

MALDI-TOF/TOF (ABI 4700 Proteomics Analyzer) mass spectrometer in the negative 21!

ion linear mode as previously described (7).  For strains expressing both phosphatases, 22!

LpxE and LxpF, lipids were detected in the positive mode. 23!
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TLR Signaling Assays.  HEK-Blue™ hTLR4, HEK-BlueTM hTLR2, and THP1-XBlue™-1!

MD2-CD14 cell lines were purchased from Invivogen and maintained according to their 2!

specifications.  Whole cell aliquots and LPS samples were serial diluted for assays as 3!

previously described (7) with the following modification:  whole cell stimulation assays 4!

were done in 30 µg/ml chloramphenicol instead of 50 U/ml – 50 µg/ml Pen-Strep to 5!

maintain a bacteriostatic effect.  At least two biological replicates were each done in 6!

triplicate and one representative set was shown here, normalized to data for the BN1 7!

pQLinkN strain.  8!

Purification of individual lipid A species.  Purification of 3-O-deacyl-4!-9!

monophosphoryl lipid A produced by strain BN1/pELP was performed by reverse-phase 10!

chromatography as described previously (8) with ~ 0.4-0.6 mg of the target lipid 11!

obtained per liter of culture.  The amount of purified lipid A was quantified by phosphate 12!

determination as previously described (9).  Based upon TLC analysis, approximately 13!

1/3rd of the lipid A synthesized is 3-O-deacyl-4!-monophosphoryl lipid A. Assuming there 14!

are 109 CFU/ml of bacteria at an OD600 of 1.0 and ~106 lipid A molecules per cell (4), 15!

the maximum yield of the target lipid would be ~1 mg/L of culture.   16!

Isolation and quantification of LPS.  LPS was isolated from 13 of the strains as 17!

previously described (7). Quantification was achieved using the 3-deoxy-D-manno-18!

octulosonic acid (Kdo) colorimetric assay (10) to normalize the samples to 0.5 mg/ml 19!

using E. coli K12 LPS (LPS EK-Ultrapure, Invivogen) as a standard. 20!

Whole cell bacterial sample preparation.  Cells for assays were prepared by growing 21!

a diluted overnight culture to an OD600 of 1.0 and washing with sterile phosphate 22!
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buffered saline (PBS) to remove lysed cells or vesicle fragments.  Cell pellets were 1!

gently resuspended in 5 mls of PBS, and the OD600 was measured.  5 x 109 cells were 2!

harvested by centrifugation, gently resuspended in 1 ml PBS and aliquoted for storage 3!

at -80° C.  CFU plating after storage at -80° C confirmed equivalent cell counts between 4!

samples.   5!

Lipopolysaccharide stimulation assays and cytokine quantification. THP-1 human 6!

monocytes (ATCC) were maintained according to ATCC’s specifications.  THP-1 7!

monocytes were differentiated into macrophages and stimulated for 24 h with 100 ng/ml 8!

LPS as previously described (11).  LPS samples were quantified as described above 9!

and normalized to the number of LPS molecules.  Culture supernatants from triplicate 10!

wells were harvested and sent to Ocean Ridge Biosciences (Palm Beach Gardens, FL) 11!

for Luminex quantification of the cytokines: TNF-α, IL-1β, IL-6, IL-8, G-CSF, RANTES 12!

and MCP-1.  13!

Mouse IgG and cytokine quantification.  All procedures were performed according to 14!

IACUC and institutional guidelines.  Monophosphoryl lipid A (MPLA) was purchased 15!

from Invivogen and is referred to as MPL, for simplicity.  Female Balb/cJ mice (Jackson) 16!

(7 mice/group), 6-8 weeks old, were bled from the tail vein (~20 µl) prior to primary 17!

injection (day -1) and on day 28.  Serum was stored at -20° C for further analysis. 18!

Emulsions were prepared as described previously (12), and on day 1 mice were 19!

immunized subcutaneously into the backpad with 50 µl of an emulsion of 30 ug 20!

lysozyme from chicken egg white (HEL) with 6 pM of purified lipid A, determined by 21!

phosphate quantification as previously described (9).  Secondary and final 22!

immunizations were performed intraperitoneally on day 21 and day 35, respectively, 23!
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with 50 µl of the same emulsions.  On day 36, serum was collected by heart puncture 1!

for Luminex cytokine analysis. 2!

Serum IgG titers were determined by ELISA serial dilution.  Serum dilutions from 3!

1/200 through 1/437000 were captured on HEL coated high binding ELISA plates 4!

(Corning Costar 3590) and detected with 1/5000 anti-Mouse IgG HRP (Jackson 5!

Immuno, 115-065-209). Plates were analyzed with GraphPad Prism software and titers 6!

were determined as the point where the non-linear fitted curve determined 3-fold signal 7!

above background.  8!

Statistical analysis. Statistical analysis was performed using one-tailed T-tests.  P-9!

values were calculated with an n≥3, α=0.05 or 0.01, as reported in the supplementary 10!

figure legends for TLR4 assays and n=7, α=0.05 for IgG titer analysis.  Error bars on 11!

graphs refer to standard deviation.   12!
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Table S1.  Bacterial strains and plasmids used in this study. 

 
Strain or plasmid 

 

 
Genotype or description 

 
Source or reference 

Strains   
W3110 Wild type, F- l- rph-1 INV(rrnD, rrnE)1 rph-1 E. coli Genetic Stock center 

(Yale) 
MLK1067 W3110 lpxM::Ωcam 1 
CMR300 W3110 (kdtA::kan) pWMsbA 2 

BN0 W3110 ΔeptA, ΔlpxT This work 
BN1 BN0 ΔpagP This work 
BN2 BN1 ΔlpxM::kan This work 

 
Plasmids 
 

  

pQLinkN Vector containing a tac promotor, Ampr                        3 
pE pQLinkN containing lpxE This work 
pF pQLinkN containing lpxF This work 
pL pQLinkN containing pagL This work 
pO pQLinkN containing lpxO This work 
pP pQLinkN containing pagP This work 
pR pQLinkN containing lpxR This work 

pEF pQLinkN containing lpxE, lpxF This work 
pEL pQLinkN containing lpxE, pagL This work 
pEO pQLinkN containing lpxE, lpxO This work 
pEP pQLinkN containing lpxE, pagP This work 
pER pQLinkN containing lpxE, lpxR This work 
pFL pQLinkN containing lpxF, pagL This work 
pFP pQLinkN containing lpxF, pagP This work 
pFR pQLinkN containing lpxF. lpxR This work 
pLO pQLinkN containing pagL, lpxO This work 
pLP pQLinkN containing pagL, pagP This work 
pLR pQLinkN containing pagL, lpxR This work 
pOP pQLinkN containing lpxO, pagP This work 
pOR pQLinkN containing lpxO, lpxR This work 
pPR pQLinkN containing pagP, lpxR This work 
pEFL pQLinkN containing lpxE, lpxF, pagL This work 
pEFP pQLinkN containing lpxE, lpxF, pagP This work 
pEFR pQLinkN containing lpxE, lpxF, lpxR This work 
pELO pQLinkN containing lpxE, pagL, lpxO This work 
pELP pQLinkN containing lpxE, pagL, pagP This work 
pELR pQLinkN containing lpxE, pagL, lpxR This work 
pEOP pQLinkN containing lpxE, lpxO, pagP This work 
pEPR pQLinkN containing lpxE, pagP, lpxR This work 
pFLP pQLinkN containing lpxR, pagL, pagP This work 
pFLR pQLinkN containing lpxF, pagL, lpxR This work 
pFPR pQLinkN containing lpxF, pagP, lpxR This work 
pLOP pQLinkN containing pagL, lpxO, pagP This work 
pLOR pQLinkN containing pagL, lpxO, lpxR This work 
pLPR pQLinkN containing pagL, pagP, lpxR This work 
pOPR pQLinkN containing lpxO, pagP, lpxR This work 
pEFLP pQLinkN containing lpxE, lpxF, pagL, pagP This work 
pEFLR pQLinkN containing lpxE. lpxF, pagL, lpxR This work 
pEFPR pQLinkN containing lpxE, lpxF, pagP, lpxR This work 
pELOP pQLinkN containing lpxE. pagL, lpxO, pagP This work 
pELOR pQLinkN containing lpxE. pagL, lpxO, lpxR This work 
pELPR pQLinkN containing lpxE, pagL, pagP, lpxR This work 
pEOPR pQLinkN containing lpxE, lpxO, pagP, lpxR This work 



pFLPR pQLinkN containing lpxF. pagL, pagP, lpxR This work 
pLOPR pQLinkN containing pagL, lpxO, pagP, lpxR This work 

 

 

Table S2. Primers used in this study. 

 
Primer name 

 
Primer sequence 

 
LpxEBamHIfor 5!- GCGGATCCATGCTCAAACAGACATTA -3! 

 
LpxEBamHIrev 5!- GCGCGGCCGCCTAAATAATCTCTCTATT -3! 

 
LpxFBamHIfor 5!- GCGGATCCTTGGCAAGATTTCATATC -3! 

 
LpxFBamHIrev 5!- GCGCGGCCGCTCAATATTCTTTTTTACG -3! 

 
PagLBamHIfor 5!- GCGGATCCATGTATATGAAGAGAATA -3! 

 
PagLBamHIrev 5!- GCGCGGCCGCTCAGAAATTATAACTAAT -3! 

 
LpxOEcoRIfor 5!- GCGAATTCATGTTCGCAGCAATCATT -3! 

 
LpxOBamHIrev 5!- GCGGATCCTCAGAGGAGGCTGAAAAG -3! 

 
PagPBamHIfor 5!- GCGGATCCATGAACGTGAGTAAATAT -3! 

 
PagPNotIrev 5!- GCGCGGCCGCTCAAAACTGAAAGCGCAT -3! 

 
LpxRBamHIfor 5!- GCGGATCCATGAACAAATACAGCTAT -3! 

 
LpxRNotIrev 5!- GCGCGGCCGCTCAGAAGAAGAAGGTGAT -3! 
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Fig. S3.  M
ass spectra of com

binatorial strains.  A
ll spectra, excluding the 3 exam

ples presented in the m
ain text, can 

be found in this figure. Lipid A structures corresponding to the m
ass peak are depicted by cartoons next to the peak. P

eak 
clusters at m

/z ~1375 correspond to phospholipid contam
ination, confirm

ed by TLC
 isolation of the species. The labile 1-

phosphate can be lost, resulting in a m
ass difference of ~ 80 m

ass units. a,b) N
egative ion m

ode M
S

 of B
N

1 and B
N

2 
strains, respectively, confirm

ed the activity of the enzym
es expressed in com

binations. A m
inor species of penta-acylated 

lipid A can be observed in som
e enzym

e com
binations, corresponding to a peak at m

/z ~1585. c) P
ositive ion m

ode M
S

 
w

as done for all strains expressing both phosphatases, LpxE
 and LpxF.  P

ositive m
ode often results in single or double 

sodium
 adducts on the m

olecules, resulting in peak m
asses that are ~23 or 46 m

ass units higher than the exact m
ass of 

each structure.  
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Fig. S5. G
raphical representation of TLR

4 stim
ulation by w

hole bacterial cells and LPS.  A
ll TLR

4 data used to 
generate the colorim

etric scale presented in Figure 2c is graphed here.  a) TLR
4 stim

ulation is show
n of all strains in the 

B
N

1 background.  These are split into three graphs due to num
ber of sam

ples. S
ignificance is indicated by an asterisk 

and the p-values for sam
ples that are significantly different from

 the B
N

1 background strain are listed below
.  First 

graph: pR
, 1.98x10

-7; pE
L, .001; pE

R
, 8.38x10

-7; pE
LO

R
, 9.02x10

-7; pE
LP

R
, 1.17-10

-6; pP
R

, 1.12x10
-6; pLP

R
, 

8.25x10
-6.  S

econd graph: pLO
, .001; pLR

, 1.77x10
-6; pO

R
, 7.46x10

-7; pE
LP, .003; pE

LR
, 3.26x10

-7; pE
O

P, .008; 
pE

O
P

R
, 3.26x10

-6.  Third graph: pE
P

R
, 1.70x10

-6; pLO
R

, 2.68x10
-6; pO

P
R

, 7.97x10
-6; pE

LO
P, .007; pE

O
P

R
, 3.26x10

-6; 
pLO

P
R

, 3.17x10
-7. b) TLR

4 stim
ulation is show

n of all strains in the B
N

2 background, split into three graphs due to 
num

ber of sam
ples. The p-values for the significantly different sam

ples follow
.  First graph: B

N
2, 2.06x10

-7; pE
, 

2.32x10
-7; pF, 2.39x10

-7; pL, 7.46x10
-7;  pP, 1.55x10

-5; pR
, 7.7x10

-7; pE
F, 2.03x10

-7; pE
L, 2.94x10

-7; pE
R

, 6.95x10
-7; pFP, 

1.00x10
-6.  S

econd graph: pFR
, 4.16x10

-7; pLP, 4.88x10
-6; pLR

, 5.26x10
-7; pP

R
, 5.65 x10

-6; pE
FL, 6.70x10

-6; pE
FP, 

3.02x10
-6; pE

FR
, 2.20x10

-7; pE
LP, 3.42x10

-7; pE
LR

, 8.33x10
-7; pE

P
R

, 6.01x10
-7.  Third graph: pFLP, 3.14x10

-4; pFLR
, 

3.36x10
-6; pFP

R
, 4.89x10

-7; pLP
R

, 1.62x10
-6; pE

FLP, 2.25x10
-7; pE

FLR
, 3.02x10

-7; pE
FP

R
, 2.08x10

-7; pE
LP

R
, 

9.88x10
-7; pFLP

R
, 8.68x10

-6.  c) TLR
4 stim

ulation w
ith LP

S
 is show

n.  The p-values for the significantly different 
sam

ples at 1 ng/m
l LP

S
 follow

, and are indicated by asterisks:  B
N

1 pL, 9.4x10
-3; B

N
1 pE

LP, 2.3x10
-3; B

N
1 pP

R
, 

1.42x10
-6; B

N
1 pE

LR
, 1.60x10

-6; B
N

1 pLP
R

, 1.84x10
-5; B

N
1 pE

R
, 2.16x10

-5; B
N

2 pE
P, 1.1x10

-5; B
N

2 pFL, 2.89x10
-6; 

B
N

2 pE
F, 1.43x10

-6; B
N

2 pE
L, 1.05x10

-5; B
N

2, 1.95x10
-5.   P

-values at 10 ng/m
l are indicated by B

N
1 pP

R
, 3.67x10

-4; 
B

N
1 pE

LR
, 4.12x10

-5; B
N
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1 pE
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4 activation.  B
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ulatory.  E
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agP in the B
N

2 strain increases stim
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ulation, even though m
ore lipid A m
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ytokine analysis of TH

P-1 cells exposed to LPS. 
A

ll individual cytokine data used to generate Figure 5b and c is presented here in picogram
s/m
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sterisks indicate 

statistical significance w
ith a P value < 0.01  (a) C

ytokines induced by the M
yD

88 pathw
ay: TN

F-α, IL-6, IL-1β, and IL-8.  
(b) C

ytokines induced by the Trif pathw
ay: G
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S
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ples are com
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ere m
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Fig. S9.  M
S of engineered strains com

pared to M
PL from

 S. m
innesota. M

S
 data is presented of M

P
L from

 S
. m

innesota, the 
tw

o strains from
 the library that produce sim

ilar profiles, even w
ithout additional chem

ical treatm
ent, and the purified 3-O

-deacyl-4!-
m

onophosphoryl lipid A
. 
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olored boxes indicate structures w

ith the sam
e phosphorylation and acyl chain patterns. 

 R
ed box 

indicates the hydroxylated and nonhydroxylated 3-O
-deacyl-4!-m

onophosphoryl lipid A
, the m

ost notable species of M
P
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Fig. S10. G
row

th curves of engineered strains. A
n exam

ple graph is show
n that represents the grow

th curve of the strains.  A
ll 61 

strains reach an O
D

600 of at least 0.8, although m
any do not survive stationary phase, as represented by strain B

N
1 pR

 in purple.  
The background strain, B

N
1 is show

n in black.  The blue square indicates the target cell density w
hen cells w

ere harvested for 
experim

ents. 
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